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In cloned osteoblast-like c lls, MC3T3-E1, 12-O-tetradeeanoylphorbol-13-acetate (TPA), a protein kinase C activating 
phorbol ester, and I-oleoyl-2-acetylglycerol (OAG), a specific activator for protein kinase C, stimulated DNA synthesis 
in a dose-dependent manner. Both TPA and OAG acted synergistically with insulin-like growth factor I to stimulate 
DNA synthesis. TPA as well as OAG suppressed the increase in alkaline phosphatase activity of MC3T3-E 1 cells induced 
by parathyroid hormone. These results uggest that protein kinase C is involved in the process which directs osteoblast- 
like cells toward proliferation. 
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1. INTRODUCTION 
It is now generally accepted that protein kinase 
C plays important roles in numerous cellular pro- 
cesses including the regulation of cell proliferation, 
differentiation and secretion [1,2]. In osteoblasts, 
the actions of certain hormones (e.g. PTH) and 
prostaglandins are thought o be mediated through 
the activation of adenylate cyclase [3,4]. However, 
the involvement of protein kinase C in signal 
transduction system remains unclear. Therefore, 
we studied the effects of TPA and OAG, potent 
activators of protein kinase C [1], on DNA syn- 
thesis and ALP activity in osteoblast-like 
MC3T3-E1 cells cloned from newborn mouse 
calvaria [5,6]. We also studied the interaction of 
these protein kinase C activators with other 
osteoblast modulators, IGF-I [7,8] and PTH [9]. 
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Our results suggest hat protein kinase C is in- 
volved in the process which directs osteoblast-like 
cells toward proliferation. 
2. MATERIALS AND METHODS 
2.1. Materials 
TPA was purchased from Sigma. OAG was from Nakarai 
Chemical. [methyl-3H]Thymidine (22 Ci/mmol) was from 
Amersham. Synthetic 1GF-I was provided by Fujisawa Phar- 
maceutical Co. (Osaka, Japan). Synthetic PTH(I-34) was pro- 
vided by Yamasa Shoyu Co. (Chiba, Japan). Other materials 
and chemicals were from commercial sources. 
2.2. Cell culture 
Cloned osteoblast-like cells, MC3T3-EI, were generously 
provided by Dr M. Kumegawa (Meikai University, Sakado, 
Japan) and maintained at 37°C in a humidified atmosphere of
5% CO2, 95% air in t~-MEM containing 10% FCS. The cells 
(5 x 104) were seeded into 35-mm diameter dishes in 2 ml ofot- 
MEM containing 10% FCS. After 3 days, the medium was ex- 
changed for 1 ml of ot-MEM containing 0.3% FCS. The calls 
were used for experiments after 48 h. 
2.3. Studies on DNA synthesis 
The cells cultured as above were incubated in 1 ml of tr-MEM 
containing 0.3% FCS and various doses of TPA or OAG in the 
absence or presence of IGF-I for 22 h. The cells were then in- 
cubated with 2 izCi of [methyl-3H]thymidine for 6 h. The in- 
cubation was terminated by adding 10% trichloroacetic acid, 
and the radioactivity in the acid-insoluble materials [10] was 
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determined with Beckman liquid scintillation system, model 
LS7500. 
2.4. Studies on ALP  activity 
The cells were first exposed to TPA or OAG for 10 min, and 
then incubated in 1 ml of te-MEM containing 0.3% FCS with 
or without 1 x 10 -? M PTH for 24 h. At the end of the experi- 
ment, the cells were harvested by scraping with a rubber 
policeman i to 0.2070 Nonidet P-40 and disrupted by sonication. 
The resulting homogenate was assayed for ALP activity by the 
method of Lowry et al. [11]. 
3. RESULTS 
TPA s igni f icant ly  s t imulated DNA synthesis o f  
MC3T3-E1  cells at concent ra t ions  between 1 x 
l0  -9 M and 1 x 10 -7 M ( f ig . lA ) ,  which are known 
to act ivate prote in  k inase C in a var iety o f  
eukaryot i c  cells [1]. OAG also s t imulated DNA 
synthesis in a dose-dependent  manner  ( f ig . lB) .  
The  pat tern  o f  the s t imulat ion  by OAG appears  to 
be a lmost  ident ical  to that  by TPA,  except that  the 
comparab le  degree o f  act ivat ion was achieved at a 
mo lar  rat io o f  approx imate ly  1000: 1. 
IGF - I ,  a known act ivator  o f  the pro l i fe ra t ion  o f  
ca lvar ia  osteoblasts  [7,8], doub led  the DNA syn- 
thesis in MC3T3-E1  cells at a concent ra t ion  o f  1 x 
l0  -7 M.  When OAG was added to the cul ture at 
concent ra t ions  between 1 × 10-7M and 1 × 
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Fig.2. Synergistic effect of OAG and IGF-I on DNA synthesis 
of MC3T3-E1 cells. The arrow indicates the DNA synthesis of 
the cells incubated in the absence of OAG. (; ;)  1 × 
10-7M IGF-I added; (~---~) no IGF-I added. Each point 
represents he mean of duplicate determinations. 
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Fig.l. Effect of TPA or OAG on DNA synthesis of MC3T3-EI 
cells. The [3H]thymidine incorporation i to the acid-insoluble 
materials of the cells incubated without TPA or OAG is 
expressed as 100070 (control). (A) Cells incubated with TPA; (B) 
cells incubated with OAG. Each point represents he mean + 
SD of three separate xperiments. 
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Fig.3. Effect of OAG on PTH-induced increase in ALP activity 
of MC3T3-E1 cells. The cells were first exposed to OAG or 
vehicle (arrow) for 10 min, and then incubated with (= ~.) or 
without (o - -~)  1 x 10-7M PTH for 24 h. Each point 
represents he mean of duplicate determinations. 
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10 -4 M, it acted synergistically with IGF-I to 
stimulate DNA synthesis n a dose-dependent man- 
ner (fig.2). TPA had a similar synergistic effect 
with IGF-I upon DNA synthesis (not shown). 
We next examined the effect of these protein 
kinase C activators upon ALP activity, a marker 
of mature osteoblast phenotype [12]. OAG, which 
by itself had no effect on ALP activity, suppressed 
the increase in ALP activity induced by PTH (1 x 
10 -7 M) in a dose-dependent manner in a range 
between 1 x 10-6M and 1 x 10-4M (fig.3). 
Similarly, TPA at a concentration f 1 ×10-7 M 
also resulted in a 34% suppression of the increase 
in ALP activity induced by 1 x 10 -7 M PTH. 
4. DISCUSSION 
The present results show that TPA stimulates 
DNA synthesis n the cloned osteoblast-like c lls as 
in many other cell types such as fibroblasts [13,14] 
and smooth muscle cells [15]. It is well established 
that the phorbol ester eceptor is protein kinase C 
complexed with phosphatidylserine a d Ca 2÷, and 
that the diverse actions of the phorbol esters are 
mediated through the activation of this enzyme 
[1,2]. In our experiments, DNA synthesis was 
enhanced also by OAG, a specific activator of pro- 
tein kinase C [1]. Therefore, it is most likely that 
the action of TPA to stimulate DNA synthesis in 
the osteoblast-like c lls is mediated through the ac- 
tivation of protein kinase C. 
There is ample evidence indicating that two sets 
of growth factors, namely 'competence factors' 
and 'progression factors', successively and 
synergistically promote the proliferation of cells 
[16]. In the case of fibroblasts, platelet-derived 
growth factor and fibroblast growth factor that 
process cells from Go to G~ phase, belong to the 
competence factors, whereas insulin, epidermal 
growth factor and IGF-I that induce progression 
of cells from G~ to S phase, belong to the progres- 
sion factors [17]. Evidence is accumulating that, in 
fibroblasts [17] and smooth muscle cells [15], the 
action of the competence factors is mediated 
through activation of protein kinase C and 
mobilization of calcium ion. The results of our ex- 
periments that TPA (and OAG) stimulated DNA 
synthesis synergistically with IGF-I (a progression 
factor in fibroblasts), might allow the speculation 
that, in MC3T3-E1 cells, protein kinase C mediates 
the signal from a putative competence factor, 
which is to be identified. 
MC3T3-E1 cells retain many osteoblast-like 
features uch as high ALP activity, type I collagen 
synthesis and mineralization i vitro [5,6]. The 
ALP of this cell is known to be activated by PTH 
[9[. From our observation that TPA and OAG 
suppressed the increase in ALP activity induced by 
PTH, it seems likely that protein kinase C plays an 
antagonistic role to the action of PTH as far as 
ALP activity is concerned. Since ALP activity is 
considered to be a mature osteoblast phenotype 
[12], our results as a whole may suggest that pro- 
tein kinase C is involved in the process which sup- 
presses the differentiation of osteoblast-like c lls 
and directs them toward proliferation. 
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